Invasive plant species threaten ecosystems worldwide. Management of invasive plants considerably benefits from an understanding of the processes that drive invasive spread, like seed dispersal. In the subtropics, many invasive species rely on vertebrate frugivores for dispersal. In turn, frugivore distribution across the landscape depends on habitat and fruit availability. Therefore, the loss of habitat owing to land-use change, and low fruit availability may reduce the local frugivore abundance and thereby impact invasive fruit removal and spread. However, the interplay among these factors remains poorly understood. In the intensively used agricultural landscape in KwaZulu-Natal, eastern South Africa, we investigated the effects of land-use and native and invasive fruit availability on frugivore abundance and analyzed how potential changes translate into fruit removal rates of the invasive fleshy-fruiting shrub Solanum mauritianum Scopoli (Solanaceae). Increasing land-use intensity reduced frugivore abundance, which in turn reduced fruit removal rates of the invasive species. Increasing native fruit availability did not influence frugivore abundance, but reduced fruit removal rates of S. mauritianum, indicating a fruit preference of frugivores for the simultaneously fruiting native species. In conclusion, fruit removal of the species is highest in locations with low land-use and low native fruit availability. Thus, these areas should be priority areas for invasive species management. Additionally, plantings of native fruiting species may provide alternative preferred food resources, reduce invasive fruit removal and ultimately improve invasive species management.
Introduction
Invasive exotic plants (invasive plants hereafter) are one of the major threats to biodiversity worldwide (Millennium Ecosystem Assessment, 2005) . They impact both diversity and functioning of the invaded systems (Traveset and Richardson, 2006; Vilà et al., 2011) , and ultimately threaten ecosystem services such as fresh-water provision or the availability of medical plants (Pejchar and Mooney, 2009; Vilà et al., 2010) . While the occurrence, abundance and diversity of invasive plants have been thoroughly described, knowledge about the underlying processes explaining invasions remains fragmentary (Levine et al., 2003 ). Yet, process-based ecological research could decisively improve the management of invasive species (Westcott and Fletcher, 2011) .
The ability of an exotic plant to establish, regenerate and spread determines its invasive potential within the invaded ecosystem (Buckley et al., 2006; Westcott and Fletcher, 2011) . Successful invasion requires that the newly arrived plant integrates into the local ecosystem. Seed dispersal is an essential mutualism facilitating the spread of invasive species (Richardson et al., 2000) . However, knowledge about seed dispersal of invasive plants remains scarce (Westcott and Fletcher, 2011) . Nevertheless, seed dispersal appears to be one of the most important drivers of invasive plant spread (Coutts et al., 2010) . Hence, investigating seed dispersal of invasive species is crucial when trying to elucidate their spread.
Worldwide, numerous invasive fruiting plant species integrated successfully into frugivore dispersal networks (Aslan and Rejmánek, 2010; Berens et al., 2008; Heleno et al., 2013) . Thereby, frugivore abundance rather than species richness shapes fruit removal rates and seed dispersal patterns (Vazquez et al., 2005) . Birds in particular adopt invasive fleshy fruits into their diet and disperse the seeds (Grass et al., 2014; Heleno et al., 2013; Henderson, 2007) .
Nowadays, most landscapes are anthropogenically-dominated and are exposed to disturbances following land-use change such as for agricultural purposes or logging (Sala et al., 2000) . Generally, the occurrence of invasive species and habitat disturbances owing to anthropogenic land-use are strongly correlated (Bradley and Mustard, 2006) . Land-use change entails the loss of natural habitats, which likely results in the reduction of frugivores (Edwards et al., 2013; Farwig et al., 2006) . The loss of frugivores in turn may reduce fruit removal rates. In effect, several studies have shown a positive correlation between the amount of frugivore-suitable habitat cover and invasive fruit removal rates in anthropogenically-modified landscapes (Caughlin et al., 2012; Galetti et al., 2003) . Thus, understanding frugivore abundance and seed dispersal patterns requires investigations of the underlying land-use context.
In addition to land-use, fruit availability may influence invasive seed dispersal, since dispersers actively track fruit resources across the landscape (Saracco et al., 2004) . Fruit availability has been suggested to positively affect frugivore abundance, and thus, may be a meaningful predictor for fruit removal. Several studies revealed that crop size, or the availability of native, or invasive fruits in the vicinity of an invasive plant (hereafter, native or invasive fruit availability, respectively) increase fruit removal rates of the plant Greenberg and Walter, 2010; Spotswood et al., 2012) . However, simultaneous effects of native and invasive fruit availability on invasive fruit removal rates have rarely been studied, and altogether, the interplay between land-use, fruit availability, frugivore communities and invasive seed dispersal remains poorly understood.
In our study, we aimed to assess the compound effects of land-use and fruit availability on the frugivore community and how they translate into fruit removal rates of an invasive plant. We therefore investigated fruit availability, crop size, frugivore abundance and fruit removal rates of the invasive Solanum mauritianum Scopoli (Solananceae) along a land-use gradient in KwaZulu-Natal, South Africa. Besides Australia, southern Africa harbors the highest number of woody invasive plant species worldwide (Richardson and Rejmánek, 2011) . Within South Africa, the study area provides a high potential for exotic plant invasions (Le Maitre et al., 2000) , and 2.65% of the area of the province is invaded (Le Maitre et al., 2000) . We predicted that increasing land-use reduces frugivore abundance, while increasing crop size and fruit availability of native and invasive species attract frugivores. Furthermore, we predicted that decreasing frugivore abundance leads to a decrease of fruit removal rates of S. mauritianum.
Material and methods

Study area
The study was carried out at the South Coast of KwaZulu-Natal Province, South Africa (Fig. 1a) . The study sites were located around Oribi Gorge Nature Reserve (30°39' S-30°47' S, 30°12' E-30°19' E) and Vernon Crookes Nature Reserve (30°17' S-30°19' S, 30°28' E-30°38' E), at a distance of 10 to 25 km from the coastline (Fig. 1b) . The region is characterized by subtropical climate with seasonal temperature regimes ranging from 4 to 32°C and seasonal rainfall regimes between 440 mm and 1400 mm with peak rainfall in summer (von Maltitz, 2003) . The potential natural vegetation consists of coastal scarp forests, an evergreen forest type, which forms the transition zone between Afromontane forest and Indian Ocean coastal belt forest (Eeley et al., 2001 ). However, most of the forest cover has been transformed to intensively used agricultural land, predominantly sugarcane fields (Saccharum sp.), eucalypt tree plantations (Eucalyptus sp.) or, to a minor extent, cattle grazing ranges and horticulture. The agricultural land intermingles with abundant remaining forest patches, varying in size from large continuous forests within the nature reserves to smaller patches of different sizes within the agricultural matrix (Fig. 1b to f) .
Study species
Bugweed (S. mauritianum) is a perennial shrub or small tree of 4 to 10 m height. The fruits are presented in compact terminal infructescences and develop from green to yellow when ripe (Boon, 2010; Bromilow, 2010; Jordaan and Downs, 2012a) . The fruit diameter averages 11.5 mm (±1.25, mean ± SD hereafter, N = 207; own observations) and the weight 1.38 g (±0.33, N = 207). Each soft-fleshed fruit carries numerous seeds (154 ± 30, N = 10). The average fruit weight is 0.15 g (±0.00, N = 400). Zoochory constitutes the primary mode of dispersal (Jordaan and Downs, 2012a) . Birds represent the main dispersal agents (Olckers, 1999; Henderson, 2007) . Resprouting from cut stems or underground stems exists but plays a minor role for propagation (Witkowski and Garner, 2008; Barboza et al., 2009 ). Owing to the high growth rates and dense vegetation structure, S. mauritianum outcompetes other plant species for light and therefore bears a high invasive potential (Witkowski and Garner, 2008; Boon, 2010) .
A variety of frugivorous birds have adopted S. mauritianum into their diet (Jordaan and Downs, 2012a) . Some frugivorous birds have even shifted their diet and feed predominantly on S. mauritianum (Oatley, 1984) . Additionally, monkeys (e.g. Chlorocebus pygerythrus; own observations) have been observed to feed on the trees. In contrast to its native range in South America (Silveira et al., 2011) , frugivory by bats does not seem to play a role in South Africa (Jordaan et al., 2011) .
Invasive management programs focus on the eradication of S. mauritianum, by stem-cutting and application of herbicides, and manual pulling of young plants (Witkowski and Garner, 2008; Boon, 2010) . However, S. mauritianum resprouts rapidly (Witkowski and Garner, 2008) , and control programs have shown negligible effects (Van Wilgen et al., 2012) . Attempts to combat the invader with biological control measures have proven ineffective (Olckers, 2011) .
Selection of study sites and focal study trees
We conducted field work between January and April 2011, during the peak fruiting season of most fleshy-fruited trees within the study region. In total, we established 19 study sites. Study sites represented an anthropogenic land-use gradient, ranging from a high proportion of native forest (=low land-use) to sugarcane monocultures (=high landuse; Fig. 1c to f). One focal S. mauritianum study tree was situated in the center of each study site. The study trees showed a minimal height of 3 m and provided a minimum of 500 fruits of which at least 50 were ripe. The study sites were located at a minimum distance of 800 m between the focal study trees.
Fruit removal
Following Greenberg and Walter (2010) , we marked 50 fully developed, ripe fruits at each focal study tree. We judged fruit ripeness according to the yellow color. The fruits selected were distributed across the study tree, in well-exposed positions. We marked each fruit with an unobtrusive dot close to the pedicel. To facilitate recovery of the infructescences, we attached a marker tape to the pedicel of each infructescence used. To account for fallen fruits, we placed a net (20% shade cloth) underneath each focal tree at a minimum height of 1.2 m, covering at least the area underneath the tree crown. Five days after marking, we counted all fruits marked with a dot that were found on the tree and in the net. Since fruits of S. mauritianum are eaten piecemeal (see Jordaan and Downs, 2012b , and references therein), we classified fruits with beak marks that had missing seeds as removed fruits. To calculate the number of removed fruits, we subtracted the number of fruits recovered intact from the initial number of marked fruits per tree.
Frugivore abundance
We assessed the local frugivore abundance at each study site using point counts (Bibby et al., 2000) , between sunrise and 11 am. At each study site, we observed the birds and monkeys within five circles with 20 m radius. We centered the circles next to the study tree and in 50 m distance in each cardinal direction, respectively. After five minutes of quiescent abidance, we recorded each bird and monkey that we detected visually or acoustically during a period of ten minutes. Within each study circle, we only recognized conspecific individuals as an additional count when either seen or heard simultaneously or when identified unambiguously as distinct individuals. We classified the recorded species according to their feeding-behavior after Chittenden et al. (2009) . All species that were not indicated as fruit feeders were discarded from further analyses. We summed the remaining individuals for the five circles of each study site.
Land-use
Standing in different elevated positions that allowed for an unrestricted view of the study site, we visually assessed land-use intensity. We recorded the land-cover within a 300 m radius around each focal study tree and drew the corresponding areas of the 16 recorded landcover types (Table S1 ) into printed satellite images (Google Maps, 2011) . For further analyses, we transferred the data into a Geographical Information System (ArcGIS version 9.3) and categorized all land-cover types according to the level of anthropogenic influence (Table S1 ): The category "unused land" comprised all habitats that did not experience anthropogenic land-use and constituted suitable feeding habitat for frugivorous monkeys and birds (i.e. habitats which naturally contain fleshy fruits, e.g. forests, bushland). Only habitats suitable for birds and monkeys were included, since ultimately the amount of suitable habitat for frugivores shapes frugivore abundance (Andrén, 1994) . Generally lacking fleshy fruits, we excluded grasslands from the unused land categories and included this land-use type in the second category: "used land". To calculate the proportion of used land (referred to as "land- Fig. 1 . Map of Southern Africa and the study area; a) the location of the study area within Southern Africa, b) the location of the study sites within the study area and c) to f) the land-use types of the 19 study sites analyzed within a 300 m radius around the focal trees (Ezemvelo KZN Wildlife, 2011). use" hereafter), we subtracted the proportion of unused land from the total area of the 300 m radius circle. Across all study sites, land-use varied from 14% to 100%. To account for normal distribution, the data were logit-transformed.
We compared the land-cover observed in the field with land-cover data retrieved from a satellite imagery raster data set (Ezemvelo KZN Wildlife, 2011) . Both data sets were highly correlated (r = 0.79, t = 5.35, df = 17, P b 0.001). Moreover, the proportion of land-use that derived from the raster data set was highly correlated for differently sized buffer areas (300 m, 500 m and 1000 m radius) around the focal tree (r N 0.71, P b 0.05). Therefore, we used the data obtained from records in the field on the 300 m radius around the focal tree for further analysis. Analyses including land-use on a 500 m and 1000 m radius revealed qualitatively similar results (data not shown).
Crop size and fruit availability
During fruit marking at the beginning of the study period, we estimated crop size of the focal study trees. In order to estimate the crop size, we counted the number of ripe fruits at six representative infructescences. By multiplying the average number of ripe fruits per infructescence by the total number of infructescences on the tree, we estimated crop sizes between 55 and 280 ripe fruits per tree.
We estimated fruit availability in the surrounding as the total number of ripe fruits on all fruiting trees and shrubs within a 25 m radius around the focal tree. We again counted all fruits on a representative branch of each plant and then extrapolated over the whole crown. We visually estimated the percentage of ripe fruits and multiplied the resulting rate of ripeness with the estimated fruit display. We summed the number of ripe fruits per study site ("fruit availability" hereafter) separately for invasive and native species. Since only a negligible number of non-invasive exotic species were present (0.18% of all recorded ripe fruits), we classified the species into invasive and native species, whereby the term invasive includes all exotic species. The native fruit availability ranged from zero to 11,398 fruits per study site. Invasive species displayed between 25 and 10,976 ripe fruits per study site (excluding the 50 marked fruits on the focal tree).
Statistical analyses
In a first analysis, we assessed whether land-use (logit-transformed), crop size, native (log(x + 1)-transformed) and invasive fruit availability (log-transformed) explained variation in frugivore abundance. In a second analysis, we tested whether the afore-mentioned explanatory variables as well as frugivore abundance explained the number of removed fruits per study tree (log-transformed). For both analyses, we performed model selection using Akaike's Information Criterion for small samples (AICc; Burnham and Anderson, 2002) . First, we created a set of models with all combinations of explanatory variables included in the global model. We then used the models showing the highest merit, indicated by a delta AICc-value b2, whereby delta AICc is the difference between the respective model AICc and the AICc for the best model in the model set (Grueber et al., 2011; Johnson and Omland, 2004) . Using model averaging, we obtained parameter estimates and their significance for all explanatory variables contained in these best models. We performed all statistical analyses using the R software version 3.1.1 (R Development Core Team, 2011), including the package MuMIn for automated model selection and averaging.
Results
Frugivore abundance
During the study, we observed a total of 97 frugivore individuals from 27 species (Table S2) . Ninety-six individuals comprised 26 bird species, and one individual was a Vervet monkey (C. pygerythrus). The most frequent birds recorded were dark-capped bulbul (Pycnonotus tricolor, 36 individuals), sombre greenbul (Andropadus importunus, 16), speckled mousebird (Colius striatus, 7) and yellow-fronted canary (Crithagra mozambica, 7). Frugivore abundance per study site ranged from one to eleven, with a mean of five individuals (±3 SD) per study site. Model selection revealed only one best model (delta AIC c b2; Table S2 ). Thereby, frugivore abundance decreased significantly with increasing land-use (Table 1 ; Fig. 2a) . None of the other explanatory variables remained in the best model.
Number of removed fruits
Across the 19 study sites, a total number of 213 fruits were removed from the study trees. Fruit removal varied between one to 41 marked fruits per focal tree (mean 11 ± 10 SD). Model selection revealed four models with delta AIC c b 2 (Table S2) . Averaging across these models revealed that increasing frugivore abundance significantly increased fruit removal rates (Table 1; Fig. 2b ), whereas increasing availability of native fruits around the focal tree significantly reduced fruit removal rates (Fig. 2c) . None of the other predictors had significant effects on the number of removed fruits.
Discussion
Our results revealed a complex interplay between land-use, frugivore abundance, fruit availability and seed removal of an invasive fleshy-fruited species. Frugivore abundance decreased with increasing land-use intensity. At the same time, fruit removal rates of the invasive S. mauritianum decreased with decreasing frugivore abundance. Additionally, high native fruit availability reduced fruit removal rates of the focal trees.
The effect of land-use on frugivore abundance and fruit removal rates
The results of our study indicate that land-use negatively affected frugivore abundance. Our findings are congruent with other studies that found a decline of frugivore abundance with increasing anthropogenic land-use intensity (Azhar et al., 2013; Cordeiro and Howe, 2003; Lefevre and Rodd, 2009 ). The intensification of anthropogenic landuse involves a destruction of natural habitats, which not only entails a loss of food resources, but also a loss of a variety of habitat characteristics that are indispensable for the survival of frugivore species, e.g. suitable breeding space (With, 2002; Gardner et al., 2009) . Furthermore, the remaining natural habitat fragments are successively isolated, which may disrupt movement among patches (Saunders et al., 1991) .
Frugivorous bird and monkey species constitute the main seed dispersal agents for native species in the study area (Bleher and Böhning-Gaese, 2001 ). Hence, the decline in frugivore abundance may affect Table 1 Effects of land-use (logit-transformed) on frugivore abundance and effects of frugivore abundance, native fruit availability (log(x + 1)-transformed) and invasive fruit availability (log-transformed) on the number of removed fruits of the focal study trees. Estimates, standard error, significance and relative importance of the variables and model R 2 are given after averaging across the best models (delta AIC c b 2). Significance is indicated as **P b 0.01, *P b 0.05.
Model variables
seed dispersal of native plants in areas of intensive land-use, causing severe reductions in native species regeneration (Cordeiro and Howe, 2003) . In line with our prediction, fruit removal rates of the invasive species S. mauritianum also strongly depended on frugivore abundance. Thus, S. mauritianum has been adopted into the diet of native frugivores (Jordaan and Downs, 2012a; Mokotjomela et al., 2013a; Oatley, 1984) , which in turn means that the local frugivore community presumably plays an important role in the spread of the species. Thus, by negatively affecting frugivores, land-use may not only reduce seed dispersal rates of native species, but may also reduce the spread of invasive species. In fact, the decreasing frugivore abundance owing to land-use translated into reduced fruit removal rates of S. mauritianum. Hence, as yet rarely ascertained in the literature, our study reveals a potential indirect negative effect of land-use on invasive fruit removal rates, mediated by frugivore abundance. In consequence, this finding implies diverging effects of land-use on biodiversity. While land-use has a direct negative effect on local biodiversity, it may simultaneously indirectly inhibit the impact of invasive plants by reducing their spread. Studies elucidating the complex interactions between land-use and invasive species spread remain scarce (but see Alofs and Fowler, 2010) . Particularly the effects regarding invasive fleshy-fruited species and seed dispersal have not been studied. Whereas our study indicates that land-use may reduce invasive fruit removal, further investigations on the effectiveness of the frugivores for seed dispersal, e.g. regarding the viability and germination of the seeds after gut passage, are necessary. Moreover, the decimation of native fruiting species owing to land-use change may cause a dependence of the frugivore fauna on the invasive fruiting plants and ultimately lead to greater dispersal of the invasive species. Therefore, further investigations are needed to illuminate the mechanisms underlying invasions in anthropogenically-modified landscapes and the resulting consequences for ecosystems.
The effects of fruit availability on fruit removal rates
Many frugivores have a high movement capacity and are known to actively track fruit resources across the landscape (Saracco et al., 2004) . Therefore, frugivore distributions are suggested to underlie variations in fruit resource distribution rather than variations in land-use change (García et al., 2013) . Surprisingly, while land-use had a negative effect, neither crop size of the focal tree nor fruit availability of native or of invasive plants affected frugivore abundance in our study. One reason might be the temporal variation of fruit supply. In years with high fruit availability across the landscape, Herrera and García (2009) found frugivore distribution to depend on landscape features rather than on fruit resources. In years when fruits are scarce, frugivores visit fruiting trees even in less favorable habitats (García et al., 2013; Herrera and García, 2009 ). During our study, overall fruit availability in the study area was high (personal observation), which might explain the lower frugivore abundance in locations with high land-use, irrespective of fruit availability.
Despite the fact that fruit availability did not affect frugivores directly, high fruit availability of native plants resulted in decreased fruit removal of S. mauritianum. In contrast to our results, several studies report a positive (Greenberg and Walter, 2010; Spotswood et al., 2012) or no effect of high fruit availability on fruit removal rates (Ferreras et al., 2008; Greenberg et al., 2001) , as dense fruiting stands attract frugivores (García and Chacoff, 2007; Saracco et al., 2004) . Our data implicate a feeding preference of frugivores for the native fruits surrounding the focal trees. This is surprising, since S. mauritianum exhibits higher interaction frequencies with frugivores than native fruiting shrub species in other studies (Mokotjomela et al., 2013b) and constitutes an attractive fruit resource for frugivores in South Africa owing to its copious fruit production and its high nutritional value (Jordaan and Downs, 2012b; Mokotjomela et al., 2009 Mokotjomela et al., , 2013b . Similarly and also despite its high nutritional value, only few local frugivores consume the fruits of the invasive Melia azedarach within the study region. In the case of M. azedarach, presumably large seed size or secondary compounds that are indigestible by birds impede seed consumption by most frugivores (Voigt et al., 2011 ). Yet, similar effects for S. mauritianum remain elusive, as we are not aware of any study investigating the effects of secondary compounds of S. mauritianum on frugivores.
Even though S. mauritianum received low seed removal rates in the presence of native fruiting species, fruit removal patterns may change when overall fruit availability is low. Several invasive species, which are less preferred than the native congeners, produce numerous fruits during times of fruit scarcity of other species, e.g. owing to prolonged fruiting periods or asynchronous fruiting patterns (Ferreras et al., 2008; Greenberg and Walter, 2010) . These temporal variations of fruit production may lead to high fruit removal rates of the invasive species during lean times (Ferreras et al., 2008; Greenberg and Walter, 2010) . Correspondingly, S. mauritianum produces fruits continuously throughout the year, also when native fruits are scarce (Mokotjomela et al., 2013b) . Thus, phenological changes in fruit removal of S. mauritianum require further investigation in order to understand the spread of this invasive plant by local frugivores.
Implications for invasive species management
Altogether, our study elucidates the interplay between land-use change, frugivore abundance, fruit availability and fruit removal rates of the invasive S. mauritianum in South Africa. The results showed that plants located in landscapes with high land-use may show a low seed dispersal potential due to decreased frugivore abundances (and vice versa). Consequently, prioritizing the control of S. mauritianum in landscapes with low land-use intensity might be advisable for effective management. Moreover, the reduced fruit removal rates of S. mauritianum in locations with high overall fruit availability imply a lower preference of the local frugivore community for S. mauritianum fruits than for contemporarily fruiting species. Analogously, invasive plants located in dense fruiting stands may receive less fruit removal, a c b Fig. 2 . Relationship between a) land-use and frugivore abundance, b) frugivore abundance and number of removed fruits and c) native fruit availability and number of removed fruits. Points represent raw data; formulas for regression lines are given. Axis labels are back-transformed. and therefore, lower dispersal and spread. Hence, focusing on eradication efforts in landscapes with low overall fruit availability may be a valuable option in order to detain the spread of invasive plants such as S. mauritianum. Moreover, supplementary planting of native fruiting species may be advisable and has already been applied in invasive species management Vivian-Smith, 2006, 2009) .
Nevertheless, fruit removal constitutes only one aspect shaping the invasiveness of plants. Effective management requires a wider knowledge of the effect of land-use and fruit availability on processes related to dispersal and spread, e.g. in terms of post-removal processes, such as secondary dispersal (Davies and Sheley, 2007) , the deposition in locations favorable for germination and growth, or germination and recruitment (Howe and Smallwood, 1982) . For instance, seed dispersal distances may be enhanced in fragmented landscapes (Lenz et al., 2011) , and seeds may be deposited in favorable locations for germination and growth (Howe and Smallwood, 1982) . Hence, the invasive process comprises a variety of facets, which have to be considered in invasive species management. Consequently, further investigations on different aspects of spread are required in order to develop effective management approaches for this species.
